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PREFACE 
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an operational wave model for the Black Sea, the research is focused on the western side of 
the basin and on the Romanian seaside. 
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INTRODUCTION 
 

Actuality and importance of the proposed them 

Evaluation and waves predictions are an important aspect for planning activities in the marine, 
while long-term such data may indicate climatic trends that more clearly highlights the 
developments of coastal geomorphology. Currently, the best information is provided by in situ 
system measurements providing the disadvantage that only one location is covered. Moreover it is 
noted that in the event of storm conditions, these tools may provide incorrect values or, at worst, 
can be damaged. Studying wave climate in the Black Sea has become in the last decades an issue 
of increasing importance but, however, currently there is no network of in situ measurements in the 
area, if we consider the small number of buoys and the fact that most are nearshore located. 

In order to identify the distribution of wave energy for a given sea area, it can be used data 
from numerical simulations or measurements provided by altimetry missions reported in that 
region. It should be noted that none of these data sources is perfect, each one defined by a low 
accuracy or simulation errors. If we consider numerical models, those are used successfully in the 
ocean areas, but when implemented within enclosed seas they can cause problems due to 
physical characteristics existing here. Regarding altimetry missions, they provide precise 
information about the distribution of waves in offshore areas, but for nearshore areas (land-water 
interface) they can report inaccurate or even missing values. These weaknesses can be offset by 
applying data assimilation techniques (DA) which envisages combining numerical simulations with 
in situ observations or satellite measurements in order to obtain a reliable wave prediction system, 
even for extreme weather conditions. Considering that satellite measurements are now available 
for large water surfaces and that there are performance computing systems, there are all 
prerequisites for the development of data assimilation schemes in operational models. Such an 
approach seems to be appropriate for the Black Sea, where there is limited information about the 
characteristics of wave fields. Much of the research focused on implementing wave patterns for 
various time intervals, which are validated with data from local buoys, but without taking into 
consideration DA techniques. 

Research direction is topical addressed if we consider only the dynamics of freight traffic in the 
Black Sea through Pan-European transport corridors (e.g. IV, V and VII), where life safety and 
environmental protection play an important role. Considering that in the Black See basin there are 
also some protected areas such as the Danube Delta Biosphere, these studies become more 
important. By implementing an operational system we can obtain an obvious improvement of the 
wave predictions, information obtained is of interest to all those operating in the marine 
environment, from the tourism, fisheries, port activities or even to identify climatic tendencies. 

In comparison with similar studies reported for this area, this work envisages achieving 
realistic results based on running SWAN (Simulating Waves Nearshore) based wave modelling 
system for long time periods (10-15 years), these results will be correlated with in situ 
measurements. The corrections resulting from this process are to be propagated in spectral and 
the geographical space, to finally obtain an optimum prediction of the sea condition. Based on 
simulation results reported for the entire Black Sea basin, in the western side, a higher resolution 
computational domain was nested in the large area, with special attention to Romanian nearshore. 
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Given that each calculation level considered has specific characteristics, both in terms of physical 
processes activated and the availability of in situ or satellite measurements, for each study were 
implemented specific simulations. Following the studies, it was considered useful to use a period of 
training for about 60 days, while DA methods most often addressed focused on the use of specific 
linear regression methods (e.g., Least-Squares) or on bias corrections. 

Significant wave height (Hs) is considered relevant to describe conditions in the marine 
environment, so that it was considered most often in the process of assimilation. Using this 
parameter there is the advantage that the results can be corrected (or compared) with satellite 
measurements. By using altimetry measurements are obtained good results for large areas of 
water, while for smaller areas an improvement is seen only using in situ observations. In order to 
better evaluate the condition of the sea and wave energy it may be included in the process of 
assimilation also other parameters, such as for example the period and the direction of the wave, 
parameters which can be used for the transfer of information in the spectral domain using a 
theoretical spectrum. It is recommended to use a spectrum because, when there are corrections, 
wave heights can be adjusted without changing the shape of the spectrum. If we are talking about 
the Black Sea, for the spectrum corrections in points defining domain computing boundaries, it can 
be defined an equivalent JONSWAP spectrum that is used to describe an evolving sea conditions. 

 
  

Objectives of the thesis 

In this context, the researches are focused on the following objectives: 
 

1. Providing an overview on the implementation of DA techniques that are becoming increasingly 
used in the modelling of physical phenomena involving numerical simulations. At this stage 
mentioning some examples that highlight the versatility and usefulness of these methods. 
Particular attention was given to identifying operational wave models that are currently used in 
major hydro-meteorological centres. 

 
2. Description of the main DA Methods, in which were presented various techniques, such as those 
related to sequential or variational methods. Taking into account that one of the first techniques 
used was the Kalman filter, has been shown the main filters and their mathematical apparatus. 

 
3. Identification of wave and wind conditions for the Black Sea basin considering data from 
numerical models or satellite measurements. As data sources, it may be mentioned reanalysis 
data from NCEP or ECMWF centres, while as satellite measurements were used observations 
from AVISO project. Data were analysed in terms of weather but also considering the potential of 
wave and wind resources to be used in renewable energy projects. 

 
4. Implementation of data assimilation techniques for the Black Sea using spectral phase averaged 
wave model SWAN. Simulations were centred on the western side of the basin, focusing on the 
central part of the western side of the Black Sea (the Romanian nearshore).  

 
5. Highlighting areas of activity where wave predictions are important. At this point it can be 
mention the dissemination of results which were centred on the implementation of DA techniques 
and the statistical analysis of specific parameters of the marine environment.  
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Structure of the thesis  

PhD Thesis entitled Implementation of Data Assimilation Methods to Improve Waves 
Prediction with Spectral Models in the Black Sea is divided into eight chapters, as follows: 

Chapter 1 achieved an introduction to data assimilation presenting different case studies of 
engineering, meteorology and medicine. Considering that currently the majority of studies involve 
the use of numerical simulations, the purpose of this chapter is to highlight the advantages of such 
techniques, aiming ultimately to achieve results closer to reality.  

Chapter 2 deals extensively with key data assimilation techniques that were grouped into 
sequential and variational methods. Here it is presented the mathematical apparatus that 
underpinning techniques such as optimal interpolations or type 3DVAR variational methods that 
are most common in this area and have been implemented in this paper.  

Chapter 3 describes the evolution of the Kalman filter and its applicability in systems defined by 
stochastic processes. Here is a theoretical presentation of the main existing filters, from discrete 
Kalman filter to some case studies to exemplify the implementation of these filters.  

Chapter 4 presents general mechanisms underlying a wave model and highlighting the programs 
developed globally. Of these, particular attention was given to projects that provide global 
information (e.g. ECMWF and NCEP) and some regional models that can identify more precisely 
the sea state at the local level (e.g. NCOF - UK or DNMI - Norway).   

Chapter 5 evaluate the wind and wave conditions in the Black Sea considering data from the re-
analysis numerical models or altimetry missions. Based on this information are highlighted various 
seasonal trends manifested in this basin, with special attention to Romanian nearshore. They 
analysed the data of reported marine environment along the major waterway routes, while in some 
cases it was considered useful to compare the values obtained with those reported in the Caspian 
Sea basin.   

Chapter 6 focuses on DA techniques implementation in the Black Sea, the methods used are 
adjusted according to the calculation domain and the physical processes enabled by SWAN model. 
Using in situ wave measurements, data from NCEP program and satellite measurements, the 
calibration and the correction of values provided by numerical simulations was realised, corrections 
obtained being propagated in spectral and geographic space. In order to estimate the impact of DA 
techniques on the accuracy of predictions provided, were used various statistical tools that have 
shown a significant improvement of the assimilated wave parameters.  

Chapter 7 highlights the importance of wave predictions, showing the various areas that can 
benefit from an operational model. There are analysed various situations, such as research and 
search activities focus on the Black Sea. Whatever the analysed situation, it appears that time 
parameter stands out because sea conditions can change rapidly for different time frame, and the  
weather prediction can avoid (or minimize) the impact of extreme conditions.   

Chapter 8 summarizes the main results obtained in this thesis, directly highlighting the elements of 
originality and the author contributions. Considering that the research domain is very dynamic, in 
this section are underline several directions of study that can contribute to implementation in a 
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relatively short time of an operational wave model for the Black Sea, using a DA method. It is also 
mentioned scientific research activity of the author, which was completed and integrated into two 
projects: 

a) Sectorial Operational Programme Human Resources Development 2007-2013 of the Ministry of 
European Funds through the Financial Agreement POSDRU/159/1.5/S/132397. 

b) Data Assimilation Methods for improving the WAVE predictions in the Romanian nearshore of 
the Black Sea - DAMWAVE (PN-II-IDPCE-2012-4-0089). 
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Chapter 1 

 

APPLICABILITY OF DATA ASSIMILATION 
TECHNIQUES 

 

1.1  Generale Aspects   

Data assimilation (DA) methods aims to improve the results provided by a numerical model in 
order to obtain more lifelike results. This is achieved through the implementation of statistical 
methods that can adjust the results for different time intervals, namely: a) past - hindcast; b) 
present - nowcast; c) the future - forecast. One of the first methods was used in this field refer to 
the statistical interpolation, which is a basic element and is used successfully in the present [1, 2]. 
The first applications focused on reaction-geofluidelor, DA methods being implemented 
successfully in predicting weather or oceanographic, over time being adopted by other sectors 
such as aviation, agriculture or medicine respectively. They have a well developed mathematical 
foundation by applying their simulations tracking the calibration, monitoring of processes or 
possibly identify relationships that may exist between various physical phenomena [3]. 

Given that data processing is performed in a virtual environment depend on the quality of 
information obtained 'observations used to force a model and performance modeling software 
used. As in any field that involves processing databases or measurements, risk errors occur, which 
can be identified using techniques DA. In order to achieve quality results as needed depending on 
the physical phenomenon studied to find an optimal method that combines measurements DA with 
numerical simulations, aiming to finally calibrate the model and adjusting existing errors. The 
observations used have a better spatial resolution and temporary, the DA technique is more 
efficient and the results are more realistic [4, 5]. 

Data assimilation methods are characterized by a continuous dynamic, reaching nowadays the 
complicated techniques that can provide information on various parameters globally or in 
assembling databases covering decades. When you want to implement a complex methods and 
assimilating a larger number of parameters must be considered performance hardware systems, 
which for example where major hydro-meteorological centers can cover large areas of a building. 

When taking into account the time parameter, can implement various techniques that 
comments be treated continuously both sequentially and considering different timeframes. This is 
illustrated in Figure 1.1, noting that currently seeks to assimilate real-time data using various 
techniques DA which vary by complexity, as can be seen in Figure 1.2. 
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Figure 1.1. Clasifiction of DA techniques [6]. 

 

 
Figure 1.2. Complexity levels of DA techniques [6] 

 

1.2 DA Systems Application Fields 

Applications involving DA are already present in our lives, most relevant examples are 
predicting weather or mobile phones. Given that the purpose of assimilation techniques is to 
improve model predictions of further will present some applications in various fields in order to 
emphasize this.  
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1.2.1 Meteorology 
 

Weather was one of the first areas where the DA techniques were used in order to forecast the 
dynamics of atmospheric conditions. The first case study is presented in Figure 1.3 where 
distribution was evaluated torrential rains reported near Beijing (China) for the date of 21.07.2012 
[7]. For this type of study data were processed AMSU (Advanced Microwave sounding Kingdom) 
which have been assimilated into a numerical model that aims to simulate physical processes 
specific to the mezoscală. The results were compared with observations reported in situ study 
area, where the assimilation process was aimed at assessing areas of computing with spatial 
resolutions ranging between 3 km and 27 km. From the results provided results can be seen an 
improvement in predictions, especially for the case study focused on a spatial resolution of 27 km. 

 

 
Figure 1.3. Analysis of the precipitations level reported near Beijing, where: a) - c) no assimilation; 

d) - f) DA related to AMSU data; g) in situ observations [7]. 
 

On the other hand, in arid and semi-arid rainfall it is much less so frequent sandstorms may 

occur that can affect health. A situation of this kind is shown in Figure 1.4, as identified in the Asia 

10.05.2011-13.05.2011 considering the time [8]. The numerical simulations were done using the 

program MASINGAR mk-2 (Model of Aerosol Species ATMOSPHERE IN theGlobal Mark 2) that is 

based on modeling the movement of aerosols. The data come from the project assimilated MODIS/ 

Terra, while simulations performed was used indicator AOT (Aerosol Optical Thickness) and 

missing values were identified by black dots. 
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Assessing variations shown in Figure 1.4c may indicate that predictions made recorded a 
significant improvement, while they suggesting that the northern part of the target area seems to 
be most affected by this phenomenon. Distribution indicated in Figure 1.5 is particulate matter 
(PM10) to various cities in the geographical area assessed.  

 
Figure 1.4. Estimation of AOT index at 12.05.2011, related to: a) no assimilation; b) DA prediction; 

c) differences (DA assimilation - no assimilation); d) MODIS/Tera measurements [8] 
 

 
Figure 1.5. PM10 concentration reported for several cities located in the target area [8] 

 
From these results it appears that the level is good Chifeng city, where there is a maximum 

concentration of 3000 mg / m3 at 12:00 (12.05.2011). Compared to these values, celelelate cities 
are even lower concentrations or missing values, such as in the case of Shenyang city. It may be 
observed that the numerical simulations have a good correlation with in situ measurements, 
accurately identifying and initiating sand storm. 
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Chapter 2 

 

DATA ASSIMILATION - SEQUENTIAL AND 
VARIATIONAL METHODS 

 
 
All DA schemes are processed sequential against time so that most assimilation methods 

presents common elements. The most common approach is that every observation of a sequence 
of variational problem solution be considered, where measurements butter used to adjust 
numerical simulations. Over time they developed various elements of theory and mathematical 
apparatus, which deals with the application of statistical principles generally able to reduce errors 
that may appear in the modelling [9]. The areas involving geo-fluids such as when predictions of 
atmospheric and ocean, focuses on the analysis of chaotic environment where it is important to 
establish the correct initial conditions in order to reduce error propagation from one simulation 
cycle to another or between different areas of computing. Most methods are the type of 
interpolations optimal DA (IO) that can be classified into type 1DVAR or 3DVAR scheme, existing 
and new schemes 4DVAR possibility of implementing that in addition to spatial characteristics 
taken into account during [4]. 

The successful implementation of DA methods and achieving realistic results it is important to 
consider the quality of databases used to force or validate numerical simulations. For the prediction 
of the waves, the most important factor is the wind that by its action on the air-water interface gives 
energy, this mechanism contributing to the emergence of wave heights. Given that ocean areas 
are characterized by large areas, currently the best contributor of mission’s altimetry 
measurements provide easily covering these areas. 

Considering all those, it still intends to present any fundamental underlying techniques DA. 
 

2.1  Sequential Approach 

These methods are based on differential equations with which information can be processed 
randomly distributed in time and space. For applications involving geofluide can go to the following 
relationship [10]: 

a
kk

p
k ss 11 −−=ψ        (2.1) 

)( p
kk

o
kk

p
k

a
k sHsKss −+=      (2.2) 
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Where s  indicates the state vector representing the variables included in the model as a grid 
points expressed either as finite elements or spectral elements. Considering predictions, they 

advance with a time step t∆  to give the following shapes: a) )( kk tss = ; b) tktk ∆= . In the above 

equations, the following parameters were indicated: p - prediction; o - observation; a - analyse; 

ψ - matrix indicating system dynamics; kH - observations matrix. 

If we refer to the finite element domain, Equation 2.1 become: 

a
kk

p
kk ss 1

)2(
1

)1(
−−=ψψ       (2.3) 

In view of the fact that the matrix )1(
kψ  it is irreversible, Equation 2.3 it can be written as: 

)2(
1

1)1(
1 ][ −

−
− = kkk ψψψ      (2.4) 

For these relationships, the vector observations ( o
ks ) is defined by a dimension kp  much 

smaller than dimension N  feature parameters a
ks  and p

ks . Matrix kH  is used for interpolating 

values from grid, the vector kη  (called innovation or residue) has the following representation: 

p
kk

o
kk sHs −≡η       (2.5) 

Relation 2.2 is equivalent with the Equation 2.6 if: p
ksy = , o

ksz =  and kK=2α . 

)(2 yzyx −+= α      (2.6) 

Parameter y  refers to earlier observations based on its aiming at finally finding a gain matrix by 

which to identify optimal parameter values kK . First step in this direction is to quantify the variation 

of geofluid ( t
kk ) given by: 

t
k

t
kk

p
k bss 111 −−− +=ψ      (2.7) 

In which, t
kb  refers to a sequence of white noise type that has the following form: 

0=t
kEb        (2.8) 

klk
t
l

t
k QbEb δ=)(       (2.9) 

where: t - transposed column vector; klδ  - Kronecker function. 

If we include a constraint element ( kb ) in Equation 2.1 it can be rewrite Equation 2.8 as [10]: 

0≠= k
t
k bEb       (2.10) 

By implementing DA methods, in addition to obtaining gain matrix is envisaged the accuracy of 
numerical results compared with measurements: 
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o
k

t
kk

o
k bsHs +=      (2.11)  

 
o
kb  indicates measurement error. Assuming that this parameter is a Gaussian sequence (type 

white noise), it appears the following form: 
 

0=o
kEb        (2.12) 

klk
To

l
o
k RbEb δ=)(      (2.13) 

In addition, it may indicate that the observations and the system noise are not correlated: 
 

0)( =To
k

t
k bEb       (2.14) 

 
On the basis of these simplified equations 2.7-2.14 mentioned in the variation over time can be 

estimated error covariance matrix: 
 

Tt
k

ap
k

t
k

ap
k

ap
k ssssEP ))(( ,,, −−≡     (2.15) 

 

Where, a
ks  and p

ks  indicates that analysis and forecasting. This equation is also based on previous 

relationships that relate to: 
  

1111 −−−− += k
T
k

a
kk

p
k QPP ψψ      (2.16) 

 
T
kkk

T
kk

p
kkk

a
k KRKHKIPHKIP +−−= )()(    (2.17) 

 

If we know the values ap
kP ,  according to ap

kw , , it can be estimated qualitatively any state t
ks  

for the value kK . The optimal adjustment of the parameter kK ( reported at each time step) is 

identified by a reduction in error estimation: 

)()( t
k

a
k

Tt
k

a
k

a
k ssssEtrPR −−≡≡     (2.18) 

Equation 2.18 is adapted from 2.17, for matrix a
kP  when the derivatives item R  in relation to 

the matrix kK  are null. Such an approach leads to obtaining a minimum value indicated by [10]: 

1* )( −+≡= k
T
k

p
kk

T
k

p
kkk RHPHHPKK     (2.19) 

Combining equations 2.1 and 2.2 to equation 2.19 specific to matrix optimal gain ( *
kK ) we 

obtain a method of assimilation called Kalman filter. If we rephrase Equations 2.17 and 2.19 we 
can make a comparison between assimilation equations and the Kalman filter: 
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kk
T
k

p
k

a
k HRHPP 111 )()( −−− +=      (2.20) 

1* −= k
T
k

a
kk RHPK       (2.21) 

Analysing previous relationships it may indicates that the average variance is inversely 
proportional observations and assimilation is actually accurate forecasts in relation to the sum of 

current and past observations. If there is no information for a specific time k , parameters kH and 

*
kK  are null. 

The element a
kP  (Equation 2.17) can be brought to a simpler form if we consider *

kk KK = , 

situation in which the previous equations are: 

a
kk

p
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k
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f
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a
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)(* p
kk

o
kk

p
k

a
k sHsKss −+=      (2.26) 

The advantage of this approach is the fact that it can reduce the error variance for the entire 
period of time that assimilation is reported, and not only in relation to a time step. Hence the name 
of the sequential method, because as current observations are processed, they are no longer 
included in the assimilation process [10]. 
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Chapter 3 

 

KALMAN FILTER  
 

 
One of the first applications of Kalman filter was Apollo space program, which was taken to 

ensure an optimal trajectory and guidance to the aircraft. This was achieved by correlating 
information from various sources (e.g., radars, sensors, etc.) and solve potential errors series of 
measurements [11]. 

The equations for this filter are based on a set of relationships that are able to estimate the 
performance of a process by minimizing errors. It is used for a wide range of applications, from 
the type hindcast and reaching predictions that take into account the previous behaviour of the 
system [12]. A simplified diagram of such a filter is shown in Figure 3.1. The best representation of 
the state of a parameter can be achieved by means of measurements from measuring 
instruments, which have the disadvantage that are affected by errors and that may have different 
operating principles. Using a Kalman filter, you can group all available data on them and the initial 
conditions is possible to estimate an optimal states of a system. 

 

 

Figure 3.1.  Kalman filter - main components [13]. 
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3.1 Random Processes 

These processes, which is also called stochastic and deterministic processes are completely 
opposite. A deterministic process aims to establish a single way of evolving a system, while in a 
random pattern may develop solutions. This is the fact that starting from an initial state can be 
assimilated many variables that increase the level of uncertainty of a problem [14]. 

Considering a dynamic process characterized by a differential equation (of order n), process 
dynamics can be described by [15]: 

 

0,... 1,1,01 ≥+++= +−−+ iuyayay iniiniii     (3.1) 

 
where ui refers to the autocorrelation function (mean value): 

 

ijiuji QRuuE δ==),(      (3.2) 

 
and parameters y0,y-1,… ,y-n+1 define initial values, which are relative to a covariance matrix (of 
size nn × ) 

}1,0{,),,(0 −∈= −− nkjyyEP kj      (3.3) 

Simplifications can be also achieved, meaning that: 

0),( =ii yuE    )01( ≤≤+− jnpentru   and 0≥i   (3.4) 

and 

0,0),( ≥≥= jiyuE ii      (3.5) 

 
By previous equations it entails identifying the noise, which is independent of the process we 

evaluate. This can be expressed mathematically as: 
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Noting the first element as equal to M, the second to ni, and the third with W, it can get a 

simplified form of Equation 3.6: 

iii WuMnx +=+1  and  ii ny ]001[ K=    (3.7)  

or possibly in a more compact form: 

iii WuMnx +=+1       (3.8)  

 iii nDy =         (3.9)  
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Using the relation 3.8 can establish a new state system xi+1, resulting from the combination of 
the previous state (xi) and noise Process (ui), while 3.9 indicates how the relationship is processed 
observations yi characteristic state xi. Based on these relations further will achieve a more 
complete versions of the Kalman filter and its versions. 
 
 

3.2 Discrete Kalman Filter (FKD) 
 

If we aim to estimate a state nx ℜ∈  a process using a Kalman filter, we must resort to linear 
stochastic differential equations: 

11 −− ++= kkkk sBuAxx       (3.10) 

where mz ℜ∈ , is a measurement defined as: 

kkk vDxz +=         (3.11) 

In the foregoing equations, the A and B connection state to said input current / previous state, 
while sk and vk  refer to the process and measurement noise, and D is a matrix indicating the 
linear dependence of the output of the system. If we assume that the two variables (sk and vk) are 
independent and have the following probability distribution of: 

 
),0()( QNwp ≈         (3.12) 

 
),0()( RNwp ≈         (3.13) 

 
where Q and R refers to the covariance matrix of the process noise and the measurement in 
question, which for simplification are considered to be constant. 

The element A ( nn× ) switching from an earlier time (k-1) by a current moment k, without 
taking into account the input values uk and wk. Matrices A and D are updated each time step, but 
this case will be deemed to be constant. 

By nkx ℜ∈ˆ  indicates a previous state system, which is actually estimation of a time k the 

system features known from previous steps. In addition, it also knows a state n
kx ℜ∈ˆ  indicates 

for a moment k, which relates to comments zk. Based on these relationships can be established 
errors a priori and a posteriori [15]: 

−−≡ kkk xxe ˆ         (3.14) 

kkk xxe ˆ−≡         (3.15) 

In this case, a priori error variance can be written as:  

][ T
kkk eeEP −−− =         (3.16) 

and a posteriori error variance has the expression: 

][ T
kkk eeEP =         (3.17) 
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The next step is to identify the Kalman filter equations that define so it has established an 

equation for a state a posteriori ( kx̂ ) combining an estimate a priori ( −
kx̂ ) and relative differences 

between current measurement (zk) and a prediction of the measurements ( −
kxHˆ ).Such an 

equation may be: 

)ˆ(ˆˆ −− −+= kkkk xDzKxx       (3.18) 

Differences reported )ˆ( −− kk xDz  define measurement residue or innovation. Parameter K 

( mn × )It is called gain, an important factor that reduces variation error a posteriori. This 
minimization can be achieved by an adjusted matrix (Kk) to improve the equation of 3.16, as 
follow: 

1)( −−− += RDDPDPK T
k

T
kk       (3.19) 

Analysing the previous equation, it can be mentioned that when the measurement error 
variance (R) tends to zero, parameter Kk influencing residual have increasing values. This trend is 
indicated by: 

1

0

lim −

→
= DK

kR
k        (3.20) 

Conversely, if the variance of the error for a state a priori ( −
kP ) tends to zero, parameter Kk 

changes residue in the sense that its value increases with very small. 

0lim
0

=
→−

kP
kK         (3.21) 

Kalman filter is based on a process that takes into account the feedback generated in that 
predict a state model for a certain time and information while still taking shape measurements. 
Such equations of the filter are divided into two parts: a) time update equations; b) Update 
measurement equations, where the first category indicates the time evolution of the current state, 
while the rest of equations are considering obtaining information on reaction system by adding 
new measurements that improve next cycle predictions. 

The equations of the first category are listed below: 
 

kkk BuxAx += −
−

1ˆˆ        (3.22) 

 

QAAPP T
kk += −

−
1        (3.23) 

 
while the measurement equations are: 

1)( −−− += RDDPDPK T
k

T
kk      (3.24) 

)ˆ(ˆˆ −− −+= kkkkk xDzKxx       (3.25) 

−−= kkk PDKIP )(        (3.26) 
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Figure 3.2. Simplified representation of the discrete Kalman filter [15]. 
 
 

Usually performed in pairs Update measurement time and this process is repeated with a 
priori values in order to establish a new estimate. This cycle of assimilation is shown in detail in 
Figure 3.2, which presents the main elements of a discrete Kalman filter. 
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Chapter 4 

 

INTEGRATION OF DATA ASSIMILATION 
TECHNIQUES IN HYDRO-METEOROLOGICAL 

PREDICTION CENTRES 
 
 
The dynamics of air masses and atmospheric influences and shapes our daily activities. In 

order to identify the evolution of these natural phenomena, it is important to use quality 

observations that can come both from in situ measurements (or satellite), or possibly considering 

datasets provided by numerical models globally or regionally. Based on this information can make 

various predictions that have application in various areas of interest, such as meteorology, 

renewable energy or search and rescue operations. Coastal probably the most important 

applications relate to the naval and offshore, a particular focus on identifying extreme conditions 

that may adversely affect these activities. 

Over time numerical prediction models wave significant progress, significantly enhanced the 

accuracy of predictions provided by the application of data assimilation schemes. A more common 

procedure is the inclusion of satellite measurements in the stages of assimilation and validation, 

this data source is preferred because altimetry missions covering most areas of marine and 

resolution time domain pretty good [16]. 

Applying these computing models are desired a complete picture of the distribution conditions 

wave, both offshore and coastal using datasets that may be missing values or may be available 

only for certain time periods or geographical areas . Most often determining a physical parameter 

can be identified indirection development parameters such as for example the distribution of 

coastal currents or rate of coastal erosion. If we refer to the wave that provide predictive models 

globally, have stated that they provide better results compared to ocean areas closed basins where 

non-linear processes to identify regional patterns lend themselves better adapted to particular 

target areas. This is because in areas with shallow water and transfer processes dissipating wave 

energy are more complex, this category includes physical phenomena such as breaking waves, 

coastal currents or that influence the refraction of waves. 

By using a grid computing, natural processes and dynamics of waves are measured more 

accurately by these numerical models that can provide a wider range of information than those 

from other sources that do not involve numerical simulations. Numerical simulations for marine 



Chapter 4 – Integration of data assimilation techniques in hydro-meteorological prediction centres 

- 22 - 

areas seem more suited to identify the evolution of natural phenomena (e.g. storm), where for 

large areas of water can monitor (or simulate) the dynamics of an event. 

The first wave patterns occurred in the early nineteenth century, being used during the Second 

World War for the development of marine forecasts for the period in which the Allied forces 

invaded Normandy have (June 6, 1944). Currently there are several operational models, among 

which may be mentioned`  WAM (WAve Model) [17], SWAN (Simulating WAves Nearshore) [18] 

and WW3 (WAVEWATCH III) [19]. In addition to these models that have a global reach, there are 

programs that are designed predictions derived regional fields waves [20]. 

The waves are generated by the action of air masses, the amount of energy being transported 

directly influenced by wind speed and surface area on which it acts fetch. Therefore, special 

attention should be paid to the accuracy of wind data that are included in numerical simulations 

that can contribute a marine weather that are not covered in reality. 

Figure 4.1 gives a general scheme underlying the wave patterns, indicating how different 

physical processes and phenomena are linked in order to simulate the changing digital wave. They 

cover the entire life cycle of waves begin generating waves and ending with increased dissipative 

phenomena that become more visible near the coastal areas. For the broad action of wind and 

nonlinear interactions between waves (e.g. triads) are most important, while nearshore wave 

energy is dissipated gradually in the surf zone. Globally implemented a significant number of 

operational models for predicting waves, a short presentation of them is presented in Table 4.1. 

 
 

 

Figure 4.1. Structure of a wave prediction model [21]. 
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Table 4.1. Numerical systems used for waves predictions [21]. 

Country System Region Resolution Area 

Australia 
WAM Global 

3° x 3°  
(lat/long) 

offshore 

WAM Australia 1° x 1° offshore 

Canada 

Canadian Spectral 
Ocean Wave Model 

(CSOWM) 

Atlantic Ocean 
(north) 1.08° long. offshore 

CSOWM 
Pacific Ocean 

(north) 1.08° long. offshore 

Europe 
WAM Global 1.5° x 1.5° hybrid  

(offshore/ costal) 

WAM Mediterranean Sea 
Baltic Sea  

0.25° x 0.25° - 

France 
VAGMED 

Mediterranean Sea 
 (West) 35 km polar  offshore 

VAGATLA 
Atlantic Ocean 

(north) 
- offshore 

Germany 
Deutscher Wetterdienst Atlantic Ocean 

(north) 
-  offshore 

AMT für 
Wehrgeophysik 

Norway Sea 
 North Sea  

50 km continental 

Greece Model Mediterranean  
Mediterranean Sea 
 (centre and east) 100 km polar  offshore 

Hong Kong 
MRI-II 

5°–35°N;  
105°–135°E - offshore 

Costal model HK  Hong Kong 4.4 x 4.4 km coastal 

India 
Sverdrup-Munk 
Bretschneider local sea  2.5° x 2.5°-  offshore 

Ireland 
NOWAMO  

(adjusted model) 
Atlantic Ocean 

(north) - hybrid 

Japan 
MRI-II Pacific Ocean  

(north) 381 km 36 x 27 offshore 

MRI-II local sea 127 km 37 x 31 offshore 
costal model coastal area  10 km  hybrid 

Malaysia GONO 
From Equator to 

18°N; 110°–118°E 2° x 2° hybrid 

Netherlands GONO 
North Sea; Norway 

Sea 
75 km  hybrid 

Norway WINCH 
North Sea 

 Norway Sea 
75 km  offshore 

Sweden NORSWAM North Sea 100 km hybrid 

UK European model Atlantic Ocean 0.25° x 0.4° coastal 
Global model Global 1.25°  x 0.8333° offshore 

SUA 
NOAA/WAM Global 2.5° x 2.5° offshore 

GWAM Global 1° x 1° offshore 
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4.1 Black Sea Area 
 

Currently, there is interest from countries in the Black Sea region to develop regional models 
for predicting waves. From this point of view, the best results seem to be reported by researchers 
from Bulgaria who are considering implementing a model WAVEWATCH III operationally through 
IncREO project (Increasing Resilience through Earth Observation). To force model were 
considered wind data (reported by 10 m) from ALADIN project [22], the results are reported to 
satellite measurements. The region covers the area considered for implementation 40oN - 47oN; 
27oE - 42oE, spatial resolution is set to the brink of 0.125o. It should also be noted that the 
numerical simulations is done hot, meaning that results in some previous runs are used to initiate 
new simulations [23]. 

A number of results are shown in Figure 4.2, which also shows the Jason-2 mission paths that 
are reported in the western basin for moments of time envisaged. Analysing these distributions 
may be mentioned that in May consistent Hs values are reported in the north-western sea which 
can reach maximum 7 meters if conditions more energy. Regarding the direction of wave 
propagation is observed that the vectors of direction are oriented from east to west, which means 
that air masses acting on an area fetch important, contributing to a concentration of wave energy in 
the Western basin. 
 

 
Figure 4.2. Spatial distribution of the Hs (m) values reported for the Black Se by the 

WAVEWATCH III model. Results available for: a) 10.12.2012; b) 19.12.2012 [23] 
 

DA techniques are generally used for preparation of prediction or warnings present and future, 
but have the ability to generate database and reported in the past, so-called hindcast. Continue to 
be presented a study in which they used wind data covering a period of 60 years [24], given that 
improve marine forecasts in this region. Even if not related to the assimilation of data, taking into 
account the scope of this project results in this case can be used to implement an operational 
system. For this study was used SWAN model, results in Figures 4.3 and 4.4 were reported for Hs 
values estimated for the period 1949-2010, where to force the numerical model were used wind 
data from the program NCEP / NCAR. 

Analysing the distribution of seasonal mean values in Figure 4.3 for the entire period of time 
considered, it can be mentioned that the most important values appear to be reported in the central 
Black Sea, which also covers a portion of the western side.  
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Figure 4.3. Spatial distribution of the Hs parameter (average values), indicated by the SWAN 
model for the interval 1949-2010 [24] 
 

 
Figure 4.4. Spatial distribution of the Hs parameter (maximum values), indicated by the SWAN 

model for the interval 1949-2010 [24] 
 

Considering the distribution of the maximum values, it is noted that the central and western 
area presents significant values in winter and spring, compared to the eastern region where Hs in 
autumn highs can reach up to 6 m. 
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Chapter 5 

 

EVALUATION OF WIND AND WAVE CONDITIONS 
IN THE BLACK SEA USING DATA FROM 
NUMERICAL MODELS AND SATELLITE 

MEASUREMENTS 
 

Maritime activities are important for countries in the Black Sea region, especially by those 

related to port operations or navigation involving areas such as fisheries, transport or energy. To 

maintain safety in this area, it is important to understand and to estimate the extreme conditions in 

order to stop activities near shore when needed or to avoid areas of storm that may exist on the 

route ships in wide areas. Since all activities related to shipping involves large quantities of oil it 

should be noted that there is a risk in the event of storm conditions ships shipwreck, an event with 

negative consequences for flora and fauna of the marine environment [25]. This problem becomes 

even more important when discussing protected areas, such as for example when the Danube 

Delta located in the north-west of the Black Sea. In this region, the interaction of currents and 

waves generated by the Danube, serious problems can arise for local waterway given that here 

there is an important transport corridor (VII Pan-European) which connects the Black Sea to the 

North Sea, the Rhine axis Main-Danube. Even if no Black Sea energy conditions similar to those in 

ocean areas [26, 27], previous studies have suggested that wind and waves from this geographical 

area can reach significant values [28]. Considering these aspects, still there will be an overview of 

extreme conditions that may be encountered along the key shipping lanes in the Black Sea. 

The distribution of the points of reference is shown in Figure 5.1. In order to identify the most 

relevant wind and wave conditions, we have identified three major transport routes. The first of 

them (denoted as Route A) defined between Odessa and Istanbul, along which there are defined 

three reference points (A1, A2, and A3). Another important route (route B) Kerch Strait linking 

Istanbul (Russia), where C starts route that ends in the coastal area of Georgia. 

Another objective of the current study, is the assessment of natural conditions near coastal 

areas where these resources (wind and wave) are concentrated natural. One such area is situated 

near the Danube Delta, where interactions between waves and coastal currents may contribute to 

the occurrence of dangerous conditions [29]. 
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Figure 5.1. Distribution of the reference points along the Black Sea major navigation routes (A, B 

and C) [30] 
 

Another interesting area is the same in the north-east of the basin, near the region of 

Novorossiysk (Russia), where at the air-dried form Bora wind. During this event, there may be 

comparable to those of a hurricane, if we take into account that wind speeds often exceed 50 m / s 

[31]. 

To analyse these environmental conditions in the Black Sea, they were considered two sets of 

data. The first of these comes from the platform AVISO (Archiving, Validation and Interpretation of 

Satellite Oceanographic Data), which is a multi-mission project that collects data from several 

altimetry missions [32]. Satellite measurements (wind and wave) were processed for the period 

January 2010-November 2015, for which they were available on day one value relative to 00:00 

UTC. 

Variations in Marine were also analysed data from considering and incorporating ECMWF 

several databases reconsidered [33, 34]. For the current study, data were processed for the period 

January 2005 - December 2014, the values being reported to the brink of 6:00 (00: 00/06: 00/12: 

00/18: 00 UTC). ECMWF data, the parameters taken into account marine accessories include: 

significant wave height (Hs), wave direction, wind speed reported at a height of 10 m (U10) and 

wind direction. Since the two databases envisaged (AVISO and ECMWF) are reported for different 

ranges is expected to register significant variations between results provided. A qualitative analysis 

of the two data sets is not a main point, the main objective consisting to identify extreme conditions 

that might occur in the Black Sea. 

Figure 5.2 shows variations in parameter U10 (maximum values) along the three main routes 

in the Black Sea (A, B and C).  
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Figure 5.2. Monthly variations of the U10 parameter (maximum values) reported by the reference 

points, based on: a) AVISO measurements; b) ECMWF data [30] 
 

Regarding data AVISO, mention may be located on the route that points A and B have values 

consistent, particularly for the period: January-March (maximum: 14.2 m / s-A3); May (11.3 m / s - 

A1); August-September (15.5 m / s - A1). The analysis points C1 and C2, it can be seen that the 

maximum values are equally distributed, except that paragraph C1 may report a maximum of 16.2 

m / s in December, compared to 15 m / s indicated by C2 in October. In general, higher values are 

reported in the October-December period, compared with the summer period when a minimum of 

7.5 can record the route C. 

Moving on to the ECMWF data (Figure 5.2b), it can be seen that the point group C are 

highlighted as well as less energy, except that this time the January-February period shows higher 

values. For this period of the year, a maximum of 20.3 m / s is indicated for B3, while a minimum of 

11.8 m / s is the deposit of A3. A peak of 19.6 m / s is indicated for A1 (More) value that is similar 

to that reported for most points in November. C1 showing this time point values consistent, 

comparable to those reported along other routes. So near this point can register values of 18.8 m / 

s in February and November, while a minimum of 12.7 m / s is observed in April and August 

respectively. Much lower values are reported by point C2, which in winter (October to March) has a 

maximum of 14.8 m / s in December, while in summer the wind speed can atinge10.7 m / s except 

of September when there is a value of 12.9 m / s. 

Figure 5.3 shows a similar analysis, this time centred on the distribution parameter Hs. Prima 

facie, it appears that the distribution of values is smoother being reported little difference between 

the reference points. Both sets of data indicate February as more energy, noting that AVISO 
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reported between April to September constant values compared to ECMWF, where values rise 

gradually from June to September, leading ultimately to a value of 6.21 m (B3) for the month of 

December. Among the topics analysed can say that C2 is characterized by the lowest values, 

except for data that may indicate AVISO January and February a maximum of 3.89 m.  

 

 
Figure 5.3. Monthly variations of the Hs parameter (maximum values) reported by the reference 

points, based on: a) AVISO measurements; b) ECMWF data [30] 
 

In addition to the wave height, another important factor influencing navigation conditions is 

given by the direction of the propagating waves, this is shown in Figure 5.4 for various offshore 

points located on traffic routes A, B, or C. The analysis these results can be seen that there is no 

evidence a dominant direction, each zone being defined by specific characteristics. Near the A1 

point, the direction from which the waves propagate changes significantly throughout the year, 

being the most common directions northwest and southeast, noting that in May the southern sector 

can be considered representative. If we refer to point A3 (located in the southeast), we can see 

that air masses reported in the northwest are dominant throughout the year, it is possible that 

between November to February to manifest conditions near the shoreline (South East). 

For points B2, most values are concentrated along the east-west axis, with reports and several 

peaks in areas northwest and southeast, where the heights of the wave can reach up to 6 m. In 

August, craft flying near this point may encounter waves of the north, of which mention may be 

made bigger waves from the northwest. Regarding C2, it can indicate that the reported values of 

the West are the most common, except that in August the northeast sector appears to be more 
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important. A similar trend is highlighted point A3, where between November to February is possible 

to record waves from the coastal area of Georgia (southwest).   

 

 
Figure 5.4. Wave roses reported by the ECMWF dataset for the interval January 2005-December 

2014. Results reported for February, May, August and November taking into account only the 
points A1, A3, B2 and respectively C2 [30] 

 
As near Delta may manifest significant environmental conditions in Figure 5.5 illustrates the 

distribution of wind and wave conditions for the period 2010-2015. U10 time series parameter is 

shown in Figure 5.5a, which can be seen variations of the summer season (goals) and winter of 

each year considered. As expected, the most important values are reported in the winter, when 

values may reach a maximum of 16 m / s, while the inter-annual period 2014-2015 can specify that 

seems to present values consistent. Regarding parameter Hs (Figure 5.5b) revealed maxima 

varies around a value of 3 m, with an exception where there is a peak of 5.8 m in 2012. 

Analysing time series, they were identified several instances where wind and wave energy 

higher values, as can be seen from Figure 5.11c and 5.11d. Regarding these spatial distributions, 

it can be seen that the extreme values reported by the two parameters that do not coincide 

timeframe. 

Another important point was defined in the north-west region of the Black Sea near 

Novorossiysk (Russia) where extreme conditions can be reported, particularly in terms of wind 

speed. Such an analysis is shown in Figure 5.6, considering the maximum monthly data reported 

by AVISO and ECMWF parameters U10 and Hs respectively. Based on these data it can be seen 

that the values indicated by ECMWF model are generally higher, notably in terms of Hs parameter. 
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Figure 5.5. Distribution of the marine conditions from the north-western part of the Black Sea, 

where: a) and b) time series of the U10 and Hs parameters reported close to the Danube Delta; c) 
extreme values of the U10 parameter indicated for 20.10.2013; d) extreme values of the Hs 

parameter indicated for 8.02.2012. AVISO measurements processed for the interval 2010-2015 
[30] 

 

 
Figure 5.6. Monthly variations of the U10 (figure a) and Hs (figure b) parameters reported for 
Novorossiysk (Russia), considering the AVISO data available for the interval 2010-2015  [30] 
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In terms of wind speed, ECMWF data indicates February as more important with a maximum 

of 19.2 m / s, while the period from May to December values may fluctuate in the range 12-16.2 m / 

s. An uneven distribution of values is indicated by measurements AVISO showing higher values for 

the period from September to December, when recording a maximum of 15.5 m / s. Here it should 

be noted that in November the values can achieve a minimum of 11.3 m / s. Much lower values are 

reported in the summer season (July and August), when a minimum of 8.22 m / s can be recorded. 

Hs parameter distribution is shown in Figure 5.6b, of which one can observe a similar 

distribution of monthly values, indicating both databases February as more important, the reported 

values of 3.75 m (AVISO) and 6.28 m (ECMWF) . Values AVISO are relatively constant throughout 

the year, with the exception of September when recording a minimum of 1.4 m. Analysing the 

distributions of ECMWF, it highlights two periods where values tend to increase, namely: a) Mai 

(2.56 m) - July (3.46 m) - October (3.81 m) - December (4.18 m); b) April (2.71 m) - June (3.69 m) - 

September (4.5 m) - November (5.74 m). 

Based on the above results, it can be concluded that although the Black Sea is an enclosed 

generally characterized by average values of environmental conditions, there may arise situations 

where extreme conditions that can restrict the activities of coastal or offshore.  
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Chapter 6 

 

IMPLEMENTATION OF DATA ASSIMILATION 
TECHNIQUES IN THE BLACK SEA 

 
 

6.1 Data assimilation using successive corrections method 
 
This chapter considers the development and implementation of processes for data assimilation 

(DA) envisaged target area is located in the western part of the Black Sea, with special attention 
being paid to Romanian coastal zone. As can be seen in Figure 6.1, the first step is to implement 
these systems in the western basin calculation considering two areas: a) Level I - Basin; b) Level II 
- local.  

 

 
Figure 6.1 . Computational levels considered for the SWAN simulation [35. 
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The Figure shows the general climate conditions wave (wave vector and scalar fields) that can 
be encountered frequently, while in the background one can see the pool closed bathymetry. 
Besides these elements are highlighted and border points used in simulations to model SWAN 
(Simulating Waves Nearshore) and Gloria platform that is an important source of in situ 
measurements. Regarding settings applied in numerical modelling, more details are provided in 
Table 6.1. 

The SWAN was implemented considering the 36 directions and 30 frequencies which have a 
value between 0.12 Hz - 1.2 Hz, simulations were run in an unsteady characterized by a step for 
20 minutes, the not-included effects of the presence of coastal currents. Black Sea was considered 
useful to use a number of iterations equal to 10, in order to achieve better accuracy of the results. 
Characteristics of the target zone and targeted physical processes in numerical simulations are 
also identified in Table 6.1.  

 
Table 6.1 . Main parameters and physical processes used for the SWAN simulations, indicated for 

each computational level [35] 

SWAN 

Physical parameters 

Origin 
∆x × ∆y 

(º) 
∆t 

(min) 
∆θ 
(º) 

Mod nf n θ ngx × ngy = np 

Level I 
basin  

XO1=-27.5°V 

YO1=41°N 
0.08× 0.08 20 10 Nestat 34 36 176×76=13376 

Level II  
Local 

XO2=-28.5°V 

YO2=43.6°N 
0.005 × 0.005 20 10 Nestat 29 36 75×90=6750 

Input 
/ Proc. 

Physical processes activated  

Wave Wind Tide Crt Gen Wcap Quad  Tri  Dif  Mfr  
 Set 
up 

Br 

Level  I 
basin  

0 X 0 0 X X X 0 0 X 0 X 

Level II  
Local 

X X 0 0 X X X X X X X X 

 
The parameters listed in Table 6.1 are indicated for: ∆x and ∆y - resolutions in the geographic 

space, ∆t - resolution space of time, ∆θ - resolution in space directions, nθ - number of lines in the 
spectral, nf - number of frequencies in the spectral, NGX - number of grid points after the x-axis, 
NGY - number of grid points y axis, np - total points. Among the physical processes enabled 
accessories include: waves - forcing waves, wind - forcing wind, gender - generation using wind, 
wcap - processes frothing, quad - interactions quadruple, triad - type interactions triad diff - 
diffraction Mfr - interaction seabed, set up - raise the water level, br - deferlare waves due to lower 
water depth.  

In order to achieve better results in near-coast, it is important to use a bathymetry with a much 
higher resolution as the region in which propagates waves of wind (from deep water to shallow 
water) can vary widely. This can be achieved considering an unstructured grid resolution of which 
gradually increases the surf zone.  

SWAN model using numerical simulations were conducted covering the entire Black Sea 
region for the period 2006/01 01-2006/ 07/01 (the first 6 months of 2006), the purpose being used 
fields of wind coming the NCEP-CFSR (United States National Centres for Environmental 
prediction, Climate Forecast system reanalysis) that are characterized by spatial resolution of 
0.312º × 0.312º for which data were used in the system modelling of waves at an interval of 3:00 
hours.   
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Using measurements of wave Gloria platform provided in Figure 6.2 was an analysis of the 
values obtained from numerical simulations of wave considering two parameters: a) significant 
height (Hs); b) wave period - Tp. In situ measurements provided by the platform covers the entire 
timeframe envisaged being reported daily at an interval of 6 hours. Given that the measurements 
recorded, approximately 92% is valid data via a method described in Makarinskyy et al., 2005 [36] 
were filled in missing values. 

 

 
Figure 6.2 . Time series of the Hs and Tp parameters, according to the wave measurements from 

the Gloria platform and SWAN simulations. Results reported for the time interval 2006/01/01-
2006/07/01 [35] 

 
Considering that for such studies it is very important to check the quality of numerical 

simulations, for this purpose were considered more numerical parameters whose mathematical 
equations defined below: 
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Root mean square error:
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Scatter index: 
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Linear correlation coefficient (R), also known as Pearson’s Correlation Coefficient, is: 
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Symmetric slope: 
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In the above relationships Xi represent the measured values, Yi the simulated values,   and 
are the mean measured and simulated values and N- the number of observations. For the time 
period analysed (2006/01/01-2006/07/01) were bought results from SWAN simulations with those 
measured by Gloria drilling unit. Statistical values obtained are shown in Table 6.2, while the 
scatter diagrams shown in Figure 6.3 are associated to the two main parameters (Hs and Tp).  

 
 

Table 6.2 . Statistical results of the wave conditions, reported between SWAN simulations and 
Gloria measurements, indicated for the time interval 2006/01/01-2006/07/01 (6 months) [35] 

Parameter  Average 
measurements 

Average 
SWAN 

Error MAE  RMSE SI R S N 

Hs (m) 1.19 1.18 0.01 0.33 0.49 0.41 0.88 0.93 725 

Tp (s) 4.61 4.21 0.40 1.07 1.41 0.31 0.55 0.92 725 

 
Analysing the results shown in Table 6.2 and Figures 6.2 and 6.3, we can emphasize that the 

most important values are reported for 2006/01/25 / h12 when numerical simulations show much 
lower values for both parameters considered for evaluation. If we are talking about heights wave 
Hs is noted that the model reports a height of 3.82 m compared to 5.67 m indicated by 
measurements recorded in this way a relative error of 0.33% corresponding to an error absolute of 
1.85 m. 

Turning to the parameter Tp stands a maximum of 7.11 s (SWAN model) compared to 8.9 
(measurements), which indicates an absolute error of about 1.8 s and a relative error of 0.2%. In 
addition to these aspects, it should be noted that the error reported is positive (Tp = 0.4 s; Hs = 
0.01 m) while the slope distribution have values below 1 (Tp = 0.92 s; Hs = 0.93 m), these values 
indicating underestimation of the actual conditions of the simulations SWAN. 
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Figure 6.3 . Correlation diagrams represented for in situ measurements (Gloria platform) and 

SWAN simulations, available for the interval 2006/01/01-2006/07/01 and the parameters: a) Hs; b) 
Tp [35]. 

 
Based on these results it can be stated that the values obtained from simulations seem to be 

quite precise target zone envisaged, given that climate modelling waves within closed seas are 

more difficult implemented compared to those reported in areas ocean. Also bear in mind that the 

performance of wave patterns reported in closed or semi-closed seas depend greatly on accurate 

wind fields used, which are characterized by lower quality due to influences arising from land-sea 

interface. To improve predictions of wave patterns is important to use databases with a higher 

resolution, plus and implementing type methods DA, these techniques are discussed below. 

DA technique structure implemented in the target area is shown in Figure 6.1, implying the use 

of wave measurements from Gloria to adjust platform for the predictions obtained at coastal SWAN 

reported. Specifically, it is designed to provide corrections to platform measurements reported 

between Gloria and SWAN results, which were calculated for the same position and time series. 

They will be propagated in the geographic space, having a significant impact on demarcating the 

border crossings specific calculation of the west central area of the basin. It was initially thought to 

just assimilate procedure wave heights Hs and Tp period. 

Generalizing, one can say that for an F (found on the border area with higher resolution), 

equivalent values for a parameter corresponding wave simulations relative to a time t is defined as: 
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FtX represents the model predicted value at the point F, the coefficient   is computed as the ratio 

between the model predicted values in the point F and that corresponding to the point M (at the 

location of the measurement), respectively,  of the wave parameter considered: 
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By MtX∆  the difference between the measured and the predicted values of the wave 

parameter at the location of the measurement is denoted: 

( ) .)(E
Mt

Ms
MtMt XXX −=∆                    (6.9) 

In equations 6.7, 6.8 and 6.9, the superscript A indicates the assimilated values of the wave 
parameter, E the estimated values and Ms the measured values. The subscript F indicates the 
frontier point, while M is the point where the measurement is performed (in this case the location of 
the Gloria platform). A similar study was conducted by Rusu and Guedes Soares [37], which is 
reported to the Iberian peninsula, except that there is a major difference in the method used to 
transfer information in spectral space. Thus, in the previous study Hs parameter values propagated 
in space considering the spectral invariant normalized spectral matrix, this referring to the fact that 
the wave height is adjusted without changing the shape of the spectrum. In this situation, it was 
considered useful that wave spectrum to be replaced by an equivalent JONSWAP spectrum [38]. 
Other variants consist in using a type Pierson Moskowitz spectrum [39] or a spectrum with a 
Gaussian shape for implementing the SWAN model, defining the terms of spectral border with 
parametric values. To define a spectrum theory (e.g. JONSWAP or Pierson Moscovitz) may take 
into account four parameters wave, such as the height of the wave Hs, the maximum wave (or 
possibly the average), the direction of wave (Dir) and drift in space directional (DSPR). Of these, 
the first three parameters are considered to be standard, their expressions are described in the 
manual implementing SWAN [40].  

The directional spreading represents the one-sided directional width of the spectrum (in 
degrees), defined and computed as conventionally for pitch-and-roll buoy data [41]: 
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By the method used in this study envisages a correction of the four indicators wave (Hs, Tp, 
DIR, DSPR), by replacing wave spectra of points located on the border area of computing, with a 
spectrum of parameters wave JONSWAP correct format. The benefits resulting from the proposed 
calculation scheme that can achieve a data assimilation technique of multi-parameter. The two 
techniques considered DA were analysed for different coastal areas, the results obtained indicate 
little difference between them [42, 43]. From the results, it seems near coastal areas, using 
parametric boundary conditions represent a sustainable approach to climate modelling waves.   
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Considering that the period considered (2006/01/01-2006/07/01), the platform of the measured 
parameters are only available Gloria values Hs and Tp in the first phase only these values will be 
considered in the assimilation. DA technique influence in the geographic space, is to be evaluated 
considering two separate case studies, which are indicated by: a) CS1 - 2006/01/19 / H00; b) CS 2 
- 2006/01/20 / H00. 

The Variations reported between the measured values and those from simulations SWAN 
(Gloria drill) are calculated as follows: 

( ) ( ) ., )()( E
pM

M
pMp

E
sM

M
sMs TTTHHH −=∆−=∆     (6.11) 

Figure 6.4 shows the development in the geographic space of two parameters, considering the 
situation in which they reported simulations SWAN with / without data assimilation, where they also 
mentioned the wind conditions local (speed and direction - averages) . In this case, it appears that 
the waves propagate in the southern sector, which is influenced by the wind direction acting on 
southwest with an average speed of 12 m / s. Analysing where CS1 is noted that over-assessing 
SWAN model real conditions, recording the following parameters variations of wave:  

sTmH ps 41.2,69.0 −=∆−=∆  

 
Figure 6.4 . SWAN numerical simulations reported for the target area considering the case study 
CS1 (2006/01/19/h00). The wave parameters are: a) and b) Hs  values - no assimilation and with 

DA; c) and d) Tp parameter - no assimilation and with DA [35]. 
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Regarding the case study CS2, it can be seen that if there is a tendency numerical simulations 
to estimate values lower than the measurements recorded following differences: 

sTmH ps 73.1,81.2 =∆=∆ . Distribution fields waves in the geographic area for this case study 

are shown in Figure 6.5. 
 

 
Figure 6.5 . SWAN numerical simulations reported for the target area considering the case study 
CS2 (2006/01/20/h00). The wave parameters are: a) and b) Hs  values - no assimilation and with 

DA; c) and d) Tp parameter - no assimilation and with DA [35] 
 

For this situation, the waves enter the target area of the northwest, this direction similar to that 
of the wind, which for this moment of time can achieve an average speed of about 15 m / s. 
Analysing the results shown in Figure 6.4 and 6.5 can be stated that although the two case studies 
are separated by a span of 24 hours, they present distributions totally different both in terms of the 
direction of the waves and the values recorded between simulations SWAN measurements . 
Comparing the two distributions is observed that by using a technique DA is recorded improved 
results even for short periods. 

A more detailed analysis of the impact of data assimilation is the wave predictions was 
achieved for the target area, analysing altimetry missions that were reported in this geographical 
area within 6 months considered for evaluation. To illustrate these trails, paths altimetry missions in 
the region are shown in Figure 6.6, considering only satellites registered in March 2006. Figure 6.7 
is a comparison between satellite measurements and numerical simulations, considering Hs 
parameter which was analysed for all period of time (6 months → 2006/01/01-2006/07/01). 
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The analysis of these results, we can say that through the use of DA seems wave predictions 

are improving significantly. Analysing time series, highlights several energy peaks after the 

assimilation process variations reported more consistent in terms of wave height. These values are 

typical of January, during which significant changes are reported relative to a short amount of time. 

Looking at from another point of view, it is possible that these variations exist because of errors 

that can occur anytime in a set of measurements. 

 

 
Figure 6.6 . Altimeter mission tracks reported in the target area during March 2016 [35] 

 

 
Figure 6.7 . Time series of the Hs values, reported by the satellite measurements and by the 
SWAN simulations (no assimilation and with DA) for the interval 2006/01/01-2006/07/01 [35] 
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Statistical results reported heights Hs are shown in Table 6.3, the data being processed for the 
period 2006/01 / 01-2006 / 07/01. The numerical simulations were performed for the calculation 
characterized by better resolution, these results are presented in Figure 6.8 in the form of scatter 
diagrams.  

 
Table 6.3 . Statistical analysis of the Hs waves indicated for the computational field defined by a 
higher resolution. Numerical simulations (no assimilation and with DA) are compared with the 

satellite measurements available for the interval 2006/01/01-2006/07/01 [35]. 

Parameter 
Average 

measurements 
Average 

simulations 
Error MAE  RMSE SI R S N 

Hs_SIM (m) 1.21 1.22 -0.01 0.28 0.38 0.32 0.88 1.04 612 

Hs_ASIM (m) 1.21 1.24 -0.03 0.26 0.33 0.27 0.92 1.07 612 

 

 
Figure 6.8 . Correlation diagrams indicated for SWAN simulations and satellite measurements, 
available for the interval 2006/01/01-2006/07/01, where: a) no assimilation; b) with DA [35]. 
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Taking into account previous results, it appears that by applying a technique DA can generate 
a prediction extended, which can contribute positively to the improvement of numerical simulations 
carried out for various coastal areas. Based on these results, the next step is to establish a DA 
techniques that will produce real-time information on the current state of the sea or to estimate its 
future development. To achieve this, the present study was considered pertinent to the 
achievement of key files at the end of each day, they are called hot file. They contain essential 
information related to the current state of the sea, being used as the base (input files) for 
subsequent simulations. 

The analysis of these values were observed better quality outcomes, resulting from the 
evolution of the following statistical parameters: absolute error average (0.26 versus 0.28 
previously) RMSE (0.33 to 0.38), SI (0.27 to 0.32) and coefficient correlation (0.92 to 0.88). Of the 
indicators contemplated symmetrical slope should be noted that not only has improved this 
recording 1.07 (compared with 1.04 previously). 

With reference to these results we can say that the assimilation of other parameters of wave 
(e.g. DIR, DSPR) can significantly improve the quality of numerical simulations carried out using 
the SWAN model. 

Once you have identified these files using the sea state, the next step is the correction of wave 
predictions for various points there are available in situ measurements, these adjustments being 
transferred to the geographical area using a method described in equations 6.7-6.9. This scheme 
used to improve the numerical simulations is based on an algorithm that includes successive 
corrections using linear regression method. Thus, for each day (d) are generated predictions for 
00h and 18h hours that are characterized by a resolution of 6:00, which is designed to position 
drilling rig Gloria. These predictions are corrected considering the wave measurements reported 
for this position, assimilating being used height and wave period. 

Based on predictions made for an interval d-n days prior (determined according to the period of 
training) aimed at identifying values for linear regression to adjust in a simulated wave parameters 
conveniently. The resulting values will be deemed to modify predictions reported on d, which is 
associated with the period of assimilation. 

The results from (a - slope b - intercept) are calculated using least squares (OLS -Ordinary 
Least-Square) which can be defined by: 
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where the superscript d indicates the day when the DA is applied, y - represents the wave 
parameter predicted by the wave model SWAN (Hs or Tp),  x - is the measured wave parameter 
(Hs or Tp), x  and y  - denote the mean values of the variables x and y, while k - represents the 

valid number of measurements performed in the training period considered. A detailed theoretical 
background of this method is presented in technical literature [44]. 

The regression parameters are computed only if a minimum of 10 pairs of simultaneous 
observation/predicted values are available in the training period and their values are updated every 
time step represented by one day. Thus, the corrected (or assimilated) values   of the predicted 
wave parameters for the day d are given by the regression equation:  
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,dddd
a byay +=      (6.13) 

If these conditions to assess regression parameters are not achieved or if the corrected values 
of parameters are negative wave will not apply any changes to the estimated values of the 
numerical model. This system of prediction of wave [45] together with a list assimilation of 
measurements the satellite [46], were used to achieve better results of numerical simulations made 
with the model SWAN, which were assessed in relation to the platform position Gloria. In view of 
these results in Table 6.4 have been identified various statistical results Gloria defined platform 
where Hs and Tp parameters were analysed for a period of nine years (1999-2007). Following 
these results, we can say that after a period of 60 days driving all statistical parameters showed an 
improvement in values.  

 
 

Table 6.4 . Statistical results reported for the Gloria position in terms of Hs and Tp wave 
parameters, evaluated for a 9-year interval (1999-2007). Results reported for the SWAN 

simulations without assimilation and with DA, where N correspond to the number of data [35] 

N=12208 Average 
measurements 

Average 
simulations 

Error MAE  RMSE SI R S Training interval 

Hs (m) 

 

0.96 0.92 0.04 0.27 0.38 0.40 0.85 0.92 No assimilation 

0.96 0.95 0.00 0.27 0.38 0.40 0.85 0.95 20 days 

0.96 0.96 0.00 0.27 0.37 0.39 0.85 0.96 40 days 

0.96 0.97 -0.01 0.26 0.37 0.39 0.86 0.97 60 days 

Tp (s) 

5.03 4.68 -0.35 1.24 1.63 0.32 0.39 0.94 No assimilation 

5.03 5.03 0.00 1.03 1.29 0.26 0.42 0.97 20 days 

5.03 5.03 0.00 1.00 1.26 0.25 0.45 0.97 40 days 

5.03 5.04 -0.01 0.99 1.25 0.24 0.45 0.97 60 days 

 
Figure 6.9 shows a diagram for the implementation of DA technique for identifying a previous 

state of the sea (hindcast) and predictions for the future (forecast). In order to determine a current 
state can use either basic parameters (Hs and Tp), which can add other parameters (DIR and 
DSPR), which provides additional information, such as those related to the direction from which 
propagates waves.  
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Figure 6.9 . Implementation of the DA technique in order to estimate the past and future 

characteristics of the sea state [35] 
 

An important role in this scheme is to identify steps from step to step the current forecast, 
where each day (end) goes envisages running a model hindcast-nowcast (nowcast- current state) 
in order to get those key files that underlie the initiation model for obtaining new predictions. Since 
the linear regression algorithm allows, boundary conditions can be adjusted using two parameters 
or in an ideal case, four wave parameters. 
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Chapter 7 

 

APPLICATIONS OF NUMERICAL MODELS FOR 
WAVES 

 
Sea state forecasts that estimated using numerical models are helpful for those who operate in 

marine areas. Depending on the existing requirements can provide information about the evolution 
of waves in the past (hindcast), present (nowcast) or future (forecast). Values reported in the past, 
usually to be achieved databases by identifying the different trends climatological, while values 
reported in the present (or future) aims at development of warnings on the occurrence of extreme 
conditions or to identify potential the energy of a region. 

If we refer to the distance to shore, certainly for those offshore matters most predicting 
extreme conditions to be stable time window in which activities are not disturbed or endanger the 
safety of those working in such conditions. By using data assimilation techniques can achieve 
realistic results that can influence cost management, which, for example if a ship can be reduced 
significantly by identifying an optimal navigation routes. 

Depending on the time window considered, the predictions may be used for warning of short-
term (hours or days), while in the case of simulations complex can be achieved database covering 
tens of years (e.g., database ECMWF ) that can be used successfully to develop climatological 
studies (Figure 7.1). 

 

 
Figure 7.1. Results provided by the wave models for different time interval [47] 
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7.1 Naval Transport 
 

Nowadays it is estimated that the most economical way of transporting goods over long 

distances is the maritime transport routes. Using these trails, 80% of the goods are delivered in 

various parts of the world, these involving a significant number of jobs in ports, shipyards or 

carriers [48]. 

Analysing maritime traffic in the Black Sea, it is noted that the western area of the basin is 

characterized by higher traffic from transport ships because many existing ports in the coastal 

zone. Romanian area is favoured from this point of view, being situated near two major pan-

European routes, namely Corridor VII (Rhine-Main-Danube) and corridor IV (railway route). These 

corridors connecting main and other transport hubs covering the whole area located between the 

Black Sea and the North Sea. 

Even though the Black Sea is a closed basin, there are situations where wave conditions in 

the region can reach values close in value to those reported in coastal areas facing the open 

ocean. [49] Throughout the basin, can develop local energy conditions that far exceed average 

values. Such a situation occurs at the mouth of the Danube to the Black Sea, where the interaction 

between coastal currents and waves offshore can develop dangerous waves that can affect the 

integrity of the ship or crew [50]. By implementing a business model away in this area can easily 

identify these abnormal phenomena that by switching to a model to estimate the coastal currents, 

can provide realistic predictions for those passing through. 

The Black Sea is also known for developing wind Bora, which usually occurs in the northeast 

of the basin (Novorossiysk region - Russia). When this phenomenon occurs, wind speed can often 

present within the interval 15-50 m / s, movement naval movements in the area carried on weight 

[51, 52]. 

Accurately estimate the sea state becomes important for ships at sea because marine 

conditions can change quite quickly, moving quickly from one state to the emergence of a calm sea 

storms. For military applications, the success of a mission is important to know both the 

development of wave and wind conditions, and other parameters such as those related to vision or 

temperature. By avoiding unfavourable conditions, we can ensure the integrity of the vessel and 

crew, but also may be an important fuel economy by identifying optimal routes of transport. 

Combining predictions provided by a wave pattern with characteristics ship (and cargo transported) 

can identify different navigation routes that avoid certain areas that might be dangerous in terms of 

structural problems. 

Also in the development of such predictions it is important to take account of the wind 

conditions here a special attention to the direction in which propagates. Thus if we consider the low 

speed wind (less than 10 m / s), which act on the moving ship can increase dramatically speed 

transmission, while a wind of the vessel will oppose a significant resistance. Taking into account 

just the wind speed should be noted that a higher wind speed will contribute to the emergence of 

larger wave heights in contact with the ship's keel will generate frictional forces that reduce the 

performance of any craft. Also, unwanted situations may arise in which the propeller propelling the 

ship is not in water, in this case it lost a significant amount of energy [53]. 

Whatever the activity, those working in marine areas want to have part of a calm sea mention 

whether leisure or industrial applications. Depending on the characteristics of a ship, in addition to 
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the wave height it is important to know other parameters, such as those related to: the wave 

length, the slope of the waves or the presence of a confused seas [47].  

Waves with a steep slope can cause discomfort to those who are at sea and who are not 

accustomed to such conditions, with the risk that situations occur flooding the deck of a ship or 

even sinking it depending on the direction of acting waves relative to the position a craft. By using 

a wave pattern can cause these effects, elaborating predictions in this regard. For dive enthusiasts, 

when heavy seas are reported low visibility can be deducted depending on water depth, distance 

from shore and sea conditions. 

Long waves usually have a negative impact on boats, especially those who are at sea. But to 

oil or other similar vessels for very long, there is a danger that the stern and the bow are supported 

by the wave crests while amidships is not supported by the waves. In this situation, the ship will be 

applied fairly strong with the risk of its sinking. Also not to be neglected waves coming into shallow 

water and can meet their road submerged sand bars, which can significantly increase wave 

heights. 

The Black Sea is a place where sports competitions are conducted frequently, such an event 

is the Great Sailing Regatta which is becoming more known. At the competition held in 2014 was 

attended by a large number of 13 yachts had on board around 1200 sailors from various countries 

such as Russia, the UK and Romania. Usually this competition takes place at the beginning of the 

winter season (during September-October), implying a route that starts from Constanta (Romania), 

crossing the Black Sea and reach Novorossiysk (Russia), passing through Sochi (Russia) and 

ends Varna (Bulgaria) [54]. 

 

 
Figure 7.2. Map of the maritime routes considered for the Black Sea tall ships regatta [54] 
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Usually the Black Sea is known for extreme conditions occurring during the winter season, so 
that a prediction of waves is based on data assimilation can contribute to an accurate estimate of 
conditions wave of offshore, elaborating also and predictions coastal customized for specific 
sectors. Such monitoring done in real time, would contribute to a better knowledge of the 
conditions of navigation and hence the success of this competition.  
 

7.2 Offshore Industry 
 

Perhaps in this category, the most popular are marine environments whose schedule largely 

depends on sea conditions, be it the supply of goods or on the transfer of personal and petroleum 

products. The Black Sea is an area rich in such resources, especially in the western side. Previous 

studies have revealed that this region is defined by a climate of waves higher energy potential, this 

being due to air masses acting on the east to the west. From this point of view, the focus of a wave 

pattern in this area can get detailed information about the impact they have waves on offshore 

platforms, such as for example in the case of type structures jacket and tower are the most 

common. The greening component also plays a role, if we consider that this sector is coastal 

Danube Delta Biosphere was declared a protected area. Therefore, bear in mind that if an 

accidental release of oil, the impact on the marine ecosystem would be difficult to quantify. By 

implementing a type SWAN wave model can be identified in an efficient dynamics of oil stain 

considering certain environmental parameters such as waves, wind currents or coastal 

developments. By identifying vulnerable areas at risk of being most affected, can take swift action 

to reduce pollution in these areas, such a prediction with the purpose of reducing efforts logistics 

and personnel deployed in the event of such an event. 

Considering that wave patterns can only simulate waves of wind, they cannot be implemented 

for the identification of tsunami phenomena. Previous studies [55] revealed the dynamics of these 

extremes, noting also the catastrophic effects that they had on coastal areas.    

 

 

Figure 7.3. Gloria drilling platform located in the western part of the Black Sea 
 

Given that the Black Sea is characterized by significant wind conditions is expected in the near 

future to develop offshore wind farms, particularly in the western part of the sea that seems to be 

characterized by consistent conditions. A realistic forecast sea state can contribute to the success 
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of such a project by identifying windows of time that can perform specific tasks, such as for 

example the development of maintenance services. Compared with land areas, this aspect 

becomes important marine areas because in some cases there are short intervals of time that can 

carry out such operations, while the transport ships must reach the farm and to return safety. In 

this regard, we can use the experience gained by Gloria platform operating at a depth of 50 m 

since 1976. In addition to petroleum products it provides, it is used as a weather station providing 

important information about conditions offshore marine area that can be used to calibrate and 

verify the predictions of wave.   
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Chapter 8 
 

FINAL CONSIDERATIONS 
 
 

8.1 Considerations on studies performed 

 
The numerical simulations have become a basic tool for any field, among which we can 

mention applications related to economy, sports or engineering. Even if that is the mathematical 
basis of these theoretical models is very well developed, there are situations where they can 
provide erroneous results that are not consistent with reality. This problem can be solved through 
the use of techniques which can be centered on the correction data assimilation or to use other 
methods, such as those related to the neural network. For marine environment, which covers an 
important area of the world, it seems that the best results are obtained using DA techniques, 
which are already implemented in the major hydro-meteorological centers such as ECMWF and 
NCEP. The success of these methods is based on extensive experience gained from projects 
predicting the weather.  

Considering the computing power and the development of DA methods, there are currently 
global database covering decades, providing accurate information about the status of the sea. 
Given that they only consider certain variables, such information appears to be better suited for 
areas of ocean or coastal regions. For regional areas there is a tendency for each country to 
implement its own model, such as for example in the UK (NAE), Australia (AUSWAVE) or Norway 
(WINCH). By using a specific model can achieve better results in terms of predicting waves of 
local, because the model will be adjusted to a particular area of computing that is defined by its 
own characteristics, such as grid bathymetric finer calibration measurements in local situ, a more 
accurate representation of shoreline, etc. Such a model appears to be suitable for the Black Sea, 
because the physical processes within this closed basin are totally different from the ocean. The 
average spectral phase SWAN has been used extensively for this geographical region, especially 
versatility of this model to be focused on different levels of calculation and areas having different 
resolutions. This wave pattern has already been implemented and calibrated for the Black Sea, 
thus there are all prerequisites to develop an operating model to be based on a method of data 
assimilation (global and local). 

In this context, this thesis is a step forward in developing an operational model for the Black 
Sea wave, the research is focused on the west of the coastal sea and on the Romanian seaside. 
By evaluating the DA techniques available today, it was aimed at identifying best practices that 
can be applied to this region and to help to achieve realistic results. Thus, two main methods 
have been identified, where the global were included in the process of assimilation of the satellite 
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measurements, while local calibration of the results was performed using in situ measurements of 
the platform Gloria. 

The thesis begins with a brief overview of the main DA methods and areas where it can be 
applied. Here it should be noted that these methods were initially used only in weather prediction 
centers and are introduced gradually in other areas. The benefits of these methods are that the 
results can be obtained for any time, this is dictated by studies envisaged. If we relate in the past 
(hindcast) can restore databases covering decades from just a few information, this data is 
important in the development of climatological studies. For now (nowcast) can perform 
simulations that focus on providing environmental warnings or to be used for various applications 
such as rescue and marine pollution. An assessment of future sea state (forecast) is of interest to 
those interested in renewable energy sources or activities related to coastal protection.  

In Chapter 1, they were presented concrete cases where these methods are used. 
Regardless of the area analyzed is noted that the time parameter is the most important, more so 
in the case of extreme conditions such as bioterrorism or floods, which based on a number of 
variables to be taken decisions in a short amount of time. Other studies focus on the optimization 
processes, such as in the case of airfoil aerodynamics and improve techniques for casting in the 
mold. By implementing such systems can significantly reduce expenditure in a particular area, for 
example in the healthcare sector which can materialize by reducing the number of investigations 
taking into account the history of a patient. 

The next two chapters presents in more detail the theoretical underpinning of the main DA 
techniques here optimal or variational methods are presented; depending on the type of study 
they can be 1DVAR, 3DVAR or 4DVAR. They identified the main mechanisms used to minimize 
the error of an estimate, as defined certain specific parameters such as gain matrix, innovation or 
cost function. Since the Kalman filter is a benchmark in the field of data assimilation were 
presented more information about this tool and how it can be applied for solving stochastic 
processes. Over time this filter has evolved steadily from Discrete Kalman filter, leading to more 
complex forms such as Extended Kalman filter or filter EnKF. 

Chapter 4 is intended to hydro-meteorological prediction centers where operational wave 
models are implemented. Here they are indicated principles underlying the assimilation of data 
and theoretical elements that define a wave pattern. Even if the prediction of the waves does not 
seem at first glance a very important analysis operational models for predicting waves globally 
observed dynamics of this sector and the interest of some major countries (eg Germany, Canada 
or Japan) to develop models their focus on various areas of computing. Particular attention is 
paid to WAM models (Wave Model) or WW3 (WAVEWATCH III) which are used as main models 
in various hydro-meteorological centers important for the development of global databases.  

Even if the Black Sea there is not currently an operational model, researchers from Bulgaria 
mentioned efforts aimed at the use of the model WAVEWATCH III and satellite measurements for 
the realization of such a project covering the whole basin. It is presented a case study which, 
although not the assimilation of data, a simulation was performed using the SWAN model were 
used wind fields covering a period of 60 years (1949-2010). Based on this information it can be 
mentioned that the western basin seems to be more important, which seems to focus wave 
energy naturally. This is due to the wind conditions acting from east to west, here an important 
role with air masses arising in Russia. It also highlights the latest research in this area, such as 
those of the DAMWAVE aimed at the implementation of assimilation methods to improve 
predictions of wave near the Romanian coastal areas.   

Chapter 5 presents some of the author's own contributions, which are centered on identifying 
wind and wave regime in the Black Sea region. The first phase was carried out such an analysis 
of wind resources near coastal areas, the results were compared with those in the Caspian Sea, 
which is in the same region and having similar physical characteristics. They were used from the 
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center of ECMWF data that have been processed for a number of 16 reference points distributed 
along the Black Sea. Because in addition to an assessment Meteorological was pursued and 
identify theoretical performance of an offshore wind turbines, reported initial data set at a height 
of 10 m (U10) was adjusted by a logarithmic law. In this way, the data were reported at a height 
of 80 m (U80) this represents the lowest height at which such generators operate in marine 
areas. The analysis of specific parameters (eg power density) was revealed that the western 
basin seems to present the most energetic characteristics compared Caspian consistent values 
are observed in the northern part of the basin. Both basins analyzed have in common that areas 
with good energy potential is located in shallow water regions, this feature represents an asset for 
the development of offshore parks.  

Once identified with good potential energy points, the next step was to compare these 
conditions with those in areas where the firm operates offhsore North Sea or Baltic Sea 
respectively. Originally considered for evaluation were a number of 146 projects, but analyzes 
performed were used only seven projects appear to be close winds value. In general, it was 
observed that paragraphs chosen from the Black Sea and the Caspian, the level is higher in the 
first part of the year (January-April), except that the reference point in the Black Sea seems to be 
defined by values a bit higher. Even if the operating capacity of the turbine indicates values in the 
range 45-70%, it is important to note that these values for optimum capacity not exceeding 5% 
throughout the year regardless of the point analyzed, with the exception of December which can 
record 10%. 

Since the routes of navigation in the Black Sea covers lengths quite large, these across the 
whole basin, in this chapter was aimed at identifying the extreme conditions of wave (Hs) and 
wind (U10) that may be encountered by ships go through these routes. These were noted by: 
Route A (Odessa-Istanbul), route B (Istanbul-Kerch Strait) and Route C (center-Black Sea 
coastline Georgia). They were considered for analysis of data from ECMWF and project-specific 
measurements AVISO. At a general analysis may indicate that ECMWF values are a little higher 
than those of AVISO, there are also important differences between the two monthly databases, 
especially for wind speed. So based on data from AVISO can say that values are important 
Airspeed reported in Octobre and November can be reached values of up to 17 m / s, compared 
with the values provided by ECMWF which can reach values of 21 m / s in November and 
February. Hs wave heights for both sets of data show February as more important, which are 
reported values of 5.5 m / s (AVISO) and 7.2 m / s (ECMWF). 

Considering that there are certain coastal sectors that can record higher values of marine 
parameters, was considered useful to provide an overview of the environmental conditions and 
extreme relative to the Danube Delta region Novorossiysk (Russia). 

Chapter 6 is the DA discusses implementation techniques in the Black Sea, is made entirely 
of the author's own contributions that were disseminated in international scientific meetings. In a 
first stage, it was monitored using a method involving successive corrections for predicting 
climate waves in the western Black Sea. 

The numerical simulations were conducted using SWAN model, which is focused first on a 
global scale (Black Sea), after which the results of these simulations were introduced in a local 
area (western part). For forcing model was used data from wind-CFSR NCEP (National Centers 
for Environmental United States prediction, Climate Forecast System reanalysis), covering the 
first six months of 2006. The values obtained from simulations were compared with wave 
measurements reported by Gloria platform, this data is used as the benchmark to achieve 
corrections for SWAN simulations. Assimilation involves the transfer of information in spectral 
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space such that for this purpose is used an equivalent JONSWAP spectrum, based on 
information provided by the wave parameters Hs and Tp. 

The impact of technology YES in geographical space was assessed through two case 
studies indicated by CS1 (2006/01/19 / H00) and CS2 (2006/01/20 / H00), we observed an 
improvement in values in SWAN model the conditions in which over-evaluate the actual values in 
the case of the average energy conditions, while the opposite trend is observed for the most 
energetic conditions. 

For this region was performed and assimilation of satellite measurements for the western 
area, taking measurements provided by missions ERS, ENVISAT, Jason-1 and GFO 
respectively. This time the DA method involves using least squares (OLS or) by linear regression 
parameters are estimated. Although the method provides fairly accurate results, the disadvantage 
of this approach stems from the fact that it takes at least 10 consecutive pairs of measurements / 
metrics during simulated driving, otherwise it will not apply any change on the estimates of model. 
Given that the chosen area is much smaller it is possible that in some cases do not meet this 
condition because the number of satellites that cross the region in a single day can be quite 
small. In this chapter proposed a calculation scheme in which the number of parameters wave 
assimilated (two or four) can get weather current or predictions of waves for more than a few 
days, underpinned carrying files key (and hot file). These files describe in detail at the end of a 
stage sea state simulation were used as the basis for further initiation of new simulations and 
predictions obtained by a method that involves elements DA linear regression. When using 
several parameters of the wave, it is possible to obtain a more detailed assessment of the state 
of the sea, estimating and other features, such as for example the direction of the propagating 
waves. Romanian coastline was also analyzed, considering this time for implementation only 
parameter Hs.  

Also in this chapter are proposed several methods that can be applied either globally using 
the optimal interpolations using a specific correlation length, or a local scale using OLS involves 
driving a period of 40 days. In addition they applied a method (local) based on the estimation of 
systematic errors, which are defined separately for normal or storm that demarcated the height 
Hs of 3 m, which was considered as a reference point . 

The final part of the thesis (Chapter 7) are some areas that can be used predictions provided 
by a wave pattern, except that they are of great use for all those operating in the marine or 
coastal environment. Usually the most common parameter analyzed is the wave height, but it is 
important to realize predictions of wave characteristics according to the requirements of potential 
customers. For example, the slope waves from tourism or fishing is an important parameter than 
can be used to estimate the state of comfort that we will have those at sea. Given that currently 
coastal protection in the Romanian seaside area is a major problem and that wind energy and 
wave in offshore European is increasingly used in this chapter, the author has conducted various 
case studies that identified impacts that it could have a marine energy farm on coastal waves and 
currents in this region.  

Based on these results, it can be concluded that this thesis is a first attempt to implement the 
DA techniques in a wave pattern focused on the Black Sea, the results so far are promising. 
Given that these studies are still in their infancy, it would not be fair to make a comparison with 
similar results provided by major hydro-meteorological centers that have the resources and 
tradition in this area. Moreover, the global models are intended to provide general information 
about the status of the sea areas of the ocean, so it can be questioned the accuracy of databases 
for isolated areas inland, such as in the case of closed seas and semi- closed. Given that the 
same methodology (techniques DA + model SWAN) used in this thesis has been successfully 
implemented in the coastal zone Potugheză, there are all prerequisites to be able to develop a 
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business model centered on the western Black Sea, noting that should be considered closed 
peculiarities of this increase. 

If we had to characterize DA methods used in this thesis, they should be defined by simplicity 
and effective manner in which transfers spectral corrections and geographical space using 
computer equipment underperform. Studies conducted may be considered appropriate for the 
Black Sea, especially considering Romanian coastline of dynamic areas such as shipbuilding, 
maritime transport and tourism, as well as the extremes that can develop in this region. 

 
 

8.2 Personal Contributions  

In this chapter, the author would emphasize the ability to implement data assimilation 
techniques both globally and locally, they require a good knowledge of SWAN model and the 
physical processes that define each area calculation. Also, through this wave pattern, the author 
has conducted various case studies that have identified the impact of coastal marine energy 
farms (theoretical) located in the marine environment. The processing of large databases (wind 
and wave) requires some experience and dexterity in extracting relevant information from the 
scientific results obtained by the author being appreciated in international events. These 
achievements are all the more important considering the fact that they were achieved in a 
relatively small range of time (3 years) allocated to doctoral studies. 

Surely the main element of originality is to implement at local methods of data assimilation in 
the western part of the Black Sea Basin, with special attention being paid to Romanian seaside 
area. Another novelty is apparent from studies on the impact of a coastal wind farms related to 
the Danube Delta, the results are interesting given that such a project has an absorption of wave 
energy low. 

The studies presented in this thesis and disseminated work can be grouped several lines of 
research, mostly focused on obtaining and processing consolidated databases. Mention may be 
made of the specific activities: 

 
a) Identifying relevant data assimilation theory (literature review) 
 

a1) Presentation of the main methods used in the DA techniques; 
 
a2) Evaluation of case studies from various scientific fields that are based DA methods; 
 
a3) operational analysis of wave patterns and how they are implemented within the 

framework of international hydro-meteorological centers; 
 

b) Analysis and processing of wind and wave conditions using in situ measurements, reanalysis 
data and satellite measurements. 

 
b1) analysis of wind conditions near the Black Sea coastal areas, considering data from 

ECMWF center reported to range from 2004 to 2013; 
 
b2) analysis of wind conditions near the coastal Caspian, considering data from ECMWF 

center reported to range from 2004 to 2013; 
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b3) analysis of wind conditions near offshore wind farms in Europe (146 projects), based on 
ECMWF data reported to range from 2011 to 2013; 

 
b4) Analysis of wind and wave conditions along main routes of navigation in the Black Sea 

AVISO considering measurements reported for the period 2010-2015; 
 
b5) Analysis of wind and wave conditions along main routes of navigation in the Black Sea 

considering ECMWF data reported for the period 2005-2014; 
 
b6) identification of the wind energy potential of the Romanian seaside area using AVISO 

measurements reported for the period 2009-2015; 
 
b7) identification of the wind energy potential of the Romanian seaside area using ECMWF 

data reported for the period 2000-2014; 
 
b8) Assessment of daytime and nighttime wind conditions in the Black Sea using NCEP-

CFSR reported data for the period 1999-2008; 
 
b9) analysis of the wave energy potential of offshore wind farms (75 projects) from Germany, 

Denmark and Britain considering AVISO measurements reported for the period 2010-
2015; 

 
b10) Assessment of Conditions in the Mediterranean considering wind measurements 

AVISO Reported for the period 2010-2014. 
 

c) Implementation of assimilation date Techniques in Black Sea 
 

c1) Making Simulations Using Conditions averaged phase spectral wave model SWAN 
calculation considering various fields in the Black Sea; 

 
c2) Applying DA methods.Yarmouth on predictions provided by the SWAN model for the 

western area of the Black Sea. Among the Methods Used CAN BE mentioned: a) 
optimal interpolation; b) Least Squares; 

 
c3) Implementation Techniques of YES through SWAN model for the Romanian coastline; 
 
c4) Calibrate and validate the model predictions provided by SWAN Using in situ 

measurements of wave from Gloria platform; 
 
c5) Calibrate and validate the model predictions provided by SWAN Using satellite altimetry 

measurements from various Missions Such as ERS, ENVISAT, Jason-1 and GFO 
respectively. 

 
In addition to these contributions, in which the author was directly involved, it would be 

mentioned two case studies simulated using SWAN model, which was aimed at assessing the 
impact of coastal marine energy farms. In the first case it was considered a firm theoretical wave 
(consisting of several links WEC) located close to Mangalia, in this situation is only assessed the 
impact on local wave field. The second case study was focused on the area near the Danube 
Delta and involved the use of wind farms whose distance from land was gradually raised in this 
case is the impact on tidal or wave longitudinal. 

It should be noted that a significant percentage of results were included in the project Data 
Assimilation Methods for improving the WAVE predictions in the Romanian nearshore of the 
Black Sea, DAMWAVE(PN-II-IDPCE-2012-4-0089), http://www.im.ugal.ro/DAMWAVE/index.htm, 
where the author is part of the research team. Autorul împreună cu coordonatorul echipei de 
cercetare a proiectului DAMWAVE au participat la seminarul cu tematica Use of Satellite 
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Observations in Numerical Weather Prediction http://www.ecmwf.int/en/seminar-2014-use-
satellite-observationsnumerical-weather-prediction organizat ȋn septembrie 2014 de unul din cele 
mai importante centre de predicție a vremii la nivel global, respectiv European Centre for 
Medium-Range Weather Forecasts (ECMWF). Au fost purtate discuții privind asimilarea de date 
ȋn modelele de valuri, atât ȋn acest centru, precum și ȋn alte centre pentru predicția vremii.  

 
The research conducted in this thesis were included in a number of 19 scientific works which 

are included in the volumes of journals or conferences. Of these, the most important works that 
may be mentioned are: 

 
a) Publications in international journals - ISI , in Advances in Meteorology, Evaluation of the 
wind energy potential in the coastal environment of two enclosed seas, (I.F: 1.107/2015) and in 
Journal of Operational Oceanography, A multi parameter data assimilation approach for wave 
predictions in coastal areas, (I.F:1.263/2016); 
 
b) Participation in international conferences and publ ication in conferences' proceedings - 
ISI: MARTECH 2016 (Lisabona, Portugal), OCEANS’15 MTS/IEEE  (Genova, Italy), IMAM 2015 
(Croatia) și SGEM 2015 and 2016 (Bulgaria); 
 
c) The Book  Asimilarea de date cu aplicaţii la predicţia climatului de val în bazinul Mării Negre, in 
Romanian, Ed. Zigotto, 2016, ISBN 978-606-669-182-6. 

 
Based on the results obtained in the first year of doctoral studies, the author was included in 

the POSDRU 159/1.5/S/132397, ExcelDOC, "Excellence in research through doctoral and 
postdoctoral scholarships" focused on supporting researchers with a high scientific potential.  

 
 
 

 

8.3 Future Research Directions 

Given the theme, certainly that future research should consider implementing an operational 
model focused on both the Black Sea and Romanian seaside. There are domains to be identifie 
that can apply such predictions results and also implementation into integrated programs that 
should make possible wave predictions to arrive on time to those who need them. Further there 
are indicated several research directions and suggestions that may benefit in this respect, as 
follow:  

 

• Identifying new sources of in situ measurements of the Romanian seaside area which 
complements the observations provided by Gloria platform; 

• Building up a DA algorithm that achieve assimilation and calibration data to be continuous 
and in real-time; 

• Merging SWAN model to a model of currents to estimate the dynamics of coastal currents 
(both longitudinal and transverse); 



Chapter 8 - Final Considerations 

- 62 - 

 

• Development of Black Sea databases by running hindcast or forecast simulations, which 
can be used for various climatological studies; 

• Real-time monitoring of the Romanian coastal erosion through an application that uses 
information provided by the SWAN model; 

• Identify the best solutions in terms of WEC systems that could operate in the Black Sea, 
considering their energy performance and coastal protection they can provide; 

• Develop seakeeping studies considering the characteristics of transport ships and the 
marine environmental conditions that can occur in the Black Sea, including optimal routes 
navigation planning; 

• Implementation of SWAN model (and assimilation techniques) within closed or semi-
closed seas and comparisons of the results reported by global models for these regions. 
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